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Solid-state  reactions  are  used  for  synthesizing  Li4Ti50i2  (LTO)  of  high  purity  and  crystallinity.  However, 
it  is  not  easy  to  control  the  particle  size  of  LTO  in  these  reactions.  In  this  study,  an  entanglement  structure 
for  an  LTO/multi-walled  carbon  nanotube  (MWCNT)  composite  is  prepared  by  a  ball-milling-assisted 
solid-state  reaction.  The  LTO  nanoparticles  are  confined  in  the  interspace  of  the  MWCNT  matrix  via 
this  architecture  control.  The  additive  of  MWCNTs  can  prevent  the  aggregation  of  LTO  particles  during 
the  calcination  process  of  the  solid-state  reaction.  In  addition,  the  entanglement  of  the  MWCNTs  and 
LTO  creates  an  effective  conductive  network,  which  improves  the  conductivity  of  LTO.  Therefore,  the 
entanglement  structure  improves  the  electrochemical  properties  of  LTO,  such  as  the  rate  capability  and 
cycle  performance. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  have  been  widely  used  as  the  main  power 
source  in  consumer  electronic  devices.  In  recent  years,  the  issue  of 
global  warming  has  made  it  essential  to  develop  lithium-ion  bat¬ 
teries  that  have  high  energy  density  and  can  deliver  a  large  amount 
of  power,  which  are  a  requirement  for  power  sources  used  in  elec¬ 
tric  vehicles  and  energy  storage  systems.  Safety  issues  and  cycling 
stability  have  become  the  main  area  of  focus  for  the  development 
of  large-scale  lithium-ion  batteries. 

Among  the  electrode  materials  that  have  been  studied,  Li4Ti50i2 
(LTO)  is  a  promising  material  for  the  anode  in  lithium-ion  batter¬ 
ies  because  it  has  excellent  Li-ion  insertion/extraction  properties 
and  the  change  in  volume  during  the  charge-discharge  process  is 
almost  negligible;  therefore,  LTO  has  a  reliable  cycle  performance. 
Moreover,  this  material  has  a  lithium  insertion  plateau  at  1.55  V 
(vs.  Li/Li+)  because  of  which  the  deposition  of  metallic  lithium 
and  decomposition  of  the  electrolyte  are  prevented.  Therefore,  the 
degree  of  safety  offered  by  lithium-ion  batteries  is  expected  to 
improve  considerably.  However,  the  insulating  property  of  LTO 
arising  from  the  empty  Ti  3d  state  results  in  poor  rate  capability 
and  thus  prevents  it  from  being  widely  used. 
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Various  approaches  have  been  studied  for  improving  the  elec¬ 
trical  conductivity  of  LTO,  such  as  decreasing  the  particle  size  of 
the  material  via  advanced  synthesis  techniques  to  reduce  the  Li+ 
diffusion  path  [1-3].  An  alternative  approach  is  to  apply  a  coating 
of  conductive  materials  on  the  surface  of  LTO  [4,5]. 

However,  nanoparticles  have  a  tendency  to  attract  each  other, 
which  results  in  an  increase  in  the  interparticle  contact  resistance; 
this  in  turn  limits  the  electronic  conduction  path  to  the  current 
collector  [6,7].  In  addition,  it  is  rather  difficult  to  achieve  a  uniform 
surface  coating  around  the  entire  LTO  particle.  Therefore,  a  hybrid 
nanostructure  electrode,  in  which  particle  growth  can  be  controlled 
and  which  has  a  conductive  additive  nanophase,  is  an  ideal  mate¬ 
rial  for  both  rapid  electronic  and  ionic  transport,  which  are  required 
for  achieving  good  rate  capability  [8].  High-temperature  heat  treat¬ 
ment  is  essential  for  preparing  pure,  well-crystallized  LTO  powder. 
The  fabrication  of  a  nanosized  LTO  with  a  high  dispersity  is  very  dif¬ 
ficult  in  conventional  solid-state  reaction  processes  [9-11]  as  well 
as  in  sol-gel  processes  [12-15].  Carbon  nanotubes  (CNTs)  have  been 
used  in  Sn-based  anode  materials  for  lithium-ion  batteries  because 
of  their  unique  properties,  which  include  a  high  length-diameter 
ratio,  strength,  and  flexibility  and  unique  conductivity  [16-18]. 

In  this  study,  a  practical  and  efficient  method  for  synthesizing 
an  LTO/multi-walled  carbon  nanotubes  (MWCNTs)  hybrid  com¬ 
posite  was  developed.  The  MWCNTs  act  as:  (i)  a  separator  that 
prevents  the  repeated  aggregation  of  LTO  nanoparticles  during  the 
calcination  process  and  (ii)  a  support  matrix  to  provide  a  3D  con¬ 
ductive  network.  By  using  this  method,  the  LTO  particle’s  size  can 
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be  restricted  to  approximately  lOOnm.  In  addition,  the  LTO  parti¬ 
cles  and  MWCNTs  are  in  close  contact  with  each  other.  The  hybrid 
composite  having  an  entanglement  structure  of  LTO/MWCNTs 
combines  the  advantages  of  both  nanosized  particles  and  a  con¬ 
ductive  adhesion  to  improve  the  electrochemical  performance  of 
LTO.  The  LTO/MWCNTs  electrode  allows  for  a  good  lithium  inser¬ 
tion/extraction  performance  at  a  high  rate  capability  and  provides 
a  good  cycle  performance. 


2.  Experimental 

The  LTO/MWCNTs  composite  was  prepared  by  a  solid-state 
reaction  using  LiCl,  H2C204,  TiCl4,  and  MWCNTs  as  the  raw  mate¬ 
rials.  First,  an  appropriate  amount  of  LiCl  and  70wt%  of  H2C204 
was  mixed  together,  and  then,  TiCl4  was  added.  The  precursor  was 
heated  at  1 50  °C  for  0.5  h.  Next,  the  precursor  was  sintered  at  400  °C 
for  3  h  in  air.  After  sintering,  the  as-prepared  powder  was  prepared 
by  ball  milling  the  sintered  precursor  with  5  wt%  of  MWCNTs  in 
ethanol  for  1 2  h  and  then  drying  at  1 00  °C  for  1 2  h.  Finally,  the  well- 
dispersed  Li20-Ti02/MWCNTs  powder  was  calcined  at  800 °C  for 
10  h  in  an  atmosphere  of  Ar/FI2 mixed  in  the  ratio  of  93:7.  To  study 
the  effect  of  the  addition  of  MWCNTs  to  LTO,  a  sample  without  the 
addition  of  MWCNTs  was  also  prepared  by  a  similar  process.  The 
crystal  structure  of  the  as-prepared  anode  material  was  studied  by 
X-ray  diffraction  (XRD)  (Rigaku,  D/MAX-B,  Japan)  using  Cu  Ka  radi¬ 
ation  at  30  kV  and  20  mA.  The  surface  morphology  of  this  powder 
was  examined  using  a  field  emission  scanning  electron  microscope 
(FE-7600,  JEOL).  TEM  images  were  taken  using  a  JEOL  JSM-2010 
operated  at  200  kV. 

Electrochemical  measurements  were  performed  using  R2032 
coin  cells.  The  anodes  were  made  of  either  pristine  LTO  and 
LTO/MWCNTs  active  materials,  a  carbon  black  conductive  agent, 
and  a  polyvinylidene  fluoride  binder;  the  materials  were  mixed 
in  the  ratio  of  80:13:7.  These  materials  were  thoroughly  mixed  in 
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Fig.  1.  XRD  patterns  of  LTO  and  LTO/MWCNTs  composite  material. 


N-methyl-2-pyrrolidinone  solution.  The  prepared  slurry  was  then 
coated  with  Cu  foil.  The  electrolyte  solution  was  1  M  LiPF6  in  ethy¬ 
lene  carbonate-diethyl  carbonate  (1:1  vol%).  Electrical  impedance 
spectroscopy  experiments  were  performed  using  a  Parstat  2273. 

3.  Results  and  discussion 

Fig.  1  shows  the  XRD  patterns  of  the  as-prepared  pristine  LTO 
and  LTO/MWCNTs  composite.  The  diffraction  peaks  of  all  the  sam¬ 
ples  are  indexed  as  a  cubic  spinel  LTO  phase.  The  absence  of 
impurities  in  LTO,  as  observed  from  the  XRD  pattern,  indicates 
that  the  absence  of  the  MWCNTs  around  the  LTO  nanoparticles 
is  most  likely  due  to  the  very  low  content  or  amorphous  carbon. 
The  main  diffraction  peaks  of  the  LTO/MWCNTs  composite  are 


Fig.  2.  SEM  image  of:  (a)  pristine  LTO;  (b)  LTO/MWCNTs  composite  material;  (c)  BEI  image  of  LTO/MWCNTs  composite  material  and  (d)  TEM  image  of  LTO/MWCNTs  composite 
material. 
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Fig.  3.  AC  impedance  spectra  of  pristine  LTO  and  LTO/MWCNTs. 


somewhat  broadened  and  the  relative  peak  intensity  is  much  lesser 
than  that  of  the  pristine  LTO.  This  difference  can  be  ascribed  to  the 
small  particle  size  of  the  LTO/MWCNTs  composite.  In  addition,  a 
slight  shift  in  the  diffraction  to  a  lower  value  of  20  was  observed 
for  the  LTO/MWCNTs  composite  (shown  in  the  inset  in  Fig.  1).  The 
lattice  parameters  of  the  pristine  LTO  and  LTO/MWCNTs  composite 
were  calculated  to  be  8.348  and  8.369  A,  respectively.  The  lattice 
parameters  for  the  LTO/MWCNTs  composite  are  expected  to  be 
large  if  some  of  the  Ti4+ions  transform  to  Ti3+  ions  because  of  the 
larger  ionic  radius  of  Ti3+,  which  is  0.67  A  as  compared  to  the  radius 
of  Ti4+,  which  is  0.61  A  [19,20].  This  might  improve  the  intrinsic 
electrical  conductivity  of  LTO  owing  to  the  introduction  of  Ti3+. 

Some  particles  are  aggregated  into  micron-sized  particles.  As 
seen  in  Fig.  2(b),  only  a  few  LTO  particles  appear  in  the  secondary 
electron  image,  implying  that  only  a  small  amount  of  LTO  par¬ 
ticles  were  dispersed  on  the  surface  of  the  entangled  MWCNTs. 
However,  the  backscattered  electron  images,  at  the  same  posi¬ 
tion,  revealed  numerous  bright  areas  and  spots  dispersed  in  the 
MWCNT  matrix.  These  bright  areas  and  spots  represent  the  LTO 
nanoparticles  (Fig.  2(c)).  In  the  LTO/MWCNTs  composite,  most  of 
the  carbon  nanotubes  are  entangled  together,  and  the  MWCNT  web 
captures  a  majority  of  the  LTO  nanoparticles,  which  are  50-200  nm 
in  diameter;  this  in  turn  prevents  the  aggregation  of  LTO  nanopar¬ 
ticles.  In  addition,  LTO  particles  were  in  close  contact  with  the 
3D  conductive  MWCNT  matrix.  The  TEM  image  (Fig.  2(d))  shows 
the  entanglement  of  the  carbon  nanotubes  with  the  LTO  particles, 
which  effectively  improves  the  electrical  contact  between  the  LTO 
particles  and  hence  enhances  the  electrical  conductivity  of  LTO. 

Fig.  3  shows  the  diagrams  of  LTO  and  the  LTO/MWCNTs 
composite.  The  tests  were  performed  after  the  cells  were 
charged/discharged  for  1  cycle ;  they  were  measured  at  a  stable  volt¬ 
age  of  1.5  V.  The  AC  impedance  spectra  are  fitted  with  the  help  of 
an  equivalent  circuit  (shown  in  the  inset  in  Fig.  3).  In  the  equivalent 
circuit,  Rs  and  Rc t  are  the  solution  resistance  and  charge  trans¬ 
fer  resistance,  respectively.  A  constant  phase  element  is  used  to 
represent  the  double-layer  capacitance  and  passivation-film  capac¬ 
itance,  and  W  is  the  Warburg  impedance.  The  parameters  of  the 
equivalent  circuit  and  the  exchange  current  densities  (i0  =  RTInFRc t) 


Table  1 

Summary  of  AC-impedance  parameters  and  electrochemical  performance  for  the 
LTO  and  LTO/MWCNTs  composite. 


Sample 

LTO 

LTO/MWCNTs 

Rs(£2) 

4.29 

3.72 

Ra(£2) 

31.77 

9.66 

i'o  (mAcrrr2) 

0.81 

2.66 

Fig.  4.  The  fifth  charge/discharge  curves  of  LTO  and  LTO/MWCNTs  composite. 

[21,22]  are  listed  in  Table  1.  The  LTO/MWCNTs  composite  exhibits 
a  considerably  lower  impedance  and  a  higher  exchange  current 
density  than  the  pristine  LTO.  This  improvement  can  be  attributed 
to  the  interspace  of  the  entangled  MWCNTs,  which  act  as  a  sep¬ 
arator  that  prevents  the  aggregation  of  LTO  nanoparticles  during 
the  calcination  process,  resulting  in  smaller-sized  particles  of  LTO 
and  in  turn  reducing  the  rate-limiting  diffusion  pathway  in  the  LTO 
electrode  material.  The  improvement  can  also  be  attributed  to  the 
insertion  of  the  LTO  particles  into  the  MWCNT  conductive  matrix, 
which  improves  the  contact  between  LTO  particles  and  MWCNTs 
and  hence  assists  electron  transfer. 

Fig.  4  shows  the  fifth  charge/discharge  of  the  pristine  LTO  and 
LTO/MWCNTs  composite  electrodes  at  various  current  rates  of  1  C, 
5  C,  and  10C.  The  capacity  loss  of  the  pristine  LTO  is  19%  and  30% 
as  the  current  rate  increases  from  1  C  to  5  C  and  1  C  to  10  C,  respec¬ 
tively.  The  severe  loss  in  capacity  is  attributed  to  the  large  particle 
size  of  LTO,  which  induces  a  longer  Li+  diffusion  path  and  poor  elec¬ 
trical  conductivity.  Therefore,  an  electron  and  Li+  cannot  combine 
immediately.  The  accumulation  of  electrons  and  Li+  ions  results  in 
polarization  and  causes  a  reduction  in  capacity.  The  voltage  pro¬ 
files  of  the  LTO/MWCNTs  electrodes  reveal  that  the  capacity  loss 
is7%  and  9%  as  the  current  rate  increases  from  1  C  to  5  C  and  1  C  to 
10C,  respectively.  The  substantial  increase  in  the  rate  performance 
can  be  attributed  to  the  entanglement  structure  that  provides  an 
excellent  3D  conductive  network  and  small-sized  particles  of  LTO. 

Fig.  5(a  and  b)  shows  the  cycle  performance  of  the  pristine 
LTO  and  the  LTO/MWCNTs  composite  electrodes  as  a  function 
of  the  cycle  number  at  current  rates  of  1C,  5C,  and  10C.  The 
discharge  capacity  gradually  decreases  as  the  rate  increases  for 
all  the  samples.  However,  the  LTO/MWCNTs  composite  electrode 
has  a  higher  discharge  capacity  than  the  pristine  LTO  electrode. 
The  initial  discharge  capacity  of  the  LTO/MWCNTs  composite 


Table  2 

Summarization  electrochemical  performance  for  the  LTO  and  LTO/MWCNTs  composite. 


Sample 

LTO 

LTO/MWCNTs 

Charge-discharge  rate 

1C 

5  C 

10C 

1C 

5  C 

10C 

Discharge  capacity  at  100th  cycle  (mAhg-1 ) 

111 

89 

70 

161 

152 

147 

Capacity  retention  after  100  cycles  (%) 

93 

86 

79 

99 

98 

97 
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Fig.  5.  Cycle  performance  curves  of:  (a)  LTO  and  (b)  LTO/MWCNTs  composite  elec¬ 
trodes  at  1,  5  and  10C  rates. 

electrode  is  166mAhg-1  at  1  C,  and  after  100  cycles,  it  is  as  high 
as  161  mAh g-1.' The  electrode  still  maintains  an  excellent  cycle 
performance  although  the  current  rate  increases.  The  data  of  the 
electrochemical  performance  of  the  pristine  LTO  and  LTO/MWCNTs 
electrodes  are  summarized  in  Table  2.  This  result  indicates  that  the 
rate  capability  and  cycle  performance  of  a  pristine  LTO  electrode 
can  be  effectively  improved  by  the  entanglement  structure  of  the 
LTO/MWCNTs  composite  materials. 

4.  Conclusions 

An  LTO/MWCNTs  composite  having  an  entanglement  structure 
was  synthesized  by  the  ball-milling-assisted  solid-state  reaction. 


The  interspace  of  the  MWCNT  matrix  effectively  acts  as  the  sep¬ 
arator  that  prevents  the  aggregation  of  LTO  nanoparticles  during 
the  calcination  process.  The  conductive  matrix  is  in  close  contact 
with  the  LTO  nanoparticles.  It  is  inferred  that  the  short  Li+  diffu¬ 
sion  path  and  closely  contacted  conductive  network  improve  both 
the  efficiency  of  the  lithium  ion  and  the  electrical  conductivity. 
After  100  cycles,  at  a  current  rate  of  10C,  the  discharge  capacity 
is  maintained  at  147  mA  h  g-1 ,  which  is  97%  of  the  initial  discharge 
capacity.  Therefore,  the  LTO/MWCNTs  composite  with  an  entangle¬ 
ment  structure  is  a  reliable  material  for  the  anode  of  lithium-ion 
batteries;  such  batteries  are  expected  to  deliver  high  power  and 
have  a  long  cycle  life. 
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